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Abstract—In this paper coherent optical frequency domain 
reflectometry is described and the challenges that are linked to 
using this interrogation method for optical fibre communication 
or sensor applications. When using a tunable laser source for 
interrogation methods such as the coherent optical frequency 
domain reflectometry technique, the laser wavelength scanning is 
not completely linear and therefore a spread in the energy occurs. 
With a 1% error in the wavelength scan of the tunable laser 
source, the range of the energy spread is over a frequency span of 
3257 Hz, ranging from 23401 Hz to 26658 Hz with a maximum 
amplitude of 0.0113. After the energy spread recovery algorithm 
has been applied, the energy has a magnitude of 0.9679 situated 
at 25028 Hz. By recovering the energy that is spread through 
different frequencies, results become more accurate when, for 
example, tracking the frequency change of an interferometer. 
 
Keywords— coherent optical frequency domain reflectometry, 
energy spread, tunable source, signal processing, optical fibre  
I. INTRODUCTION 
Optical fibre is increasingly being used for numerous 
applications from telecommunication to sensing. The many 
advantages that are inherent to optical fibre make it a very 
effective and attractive waveguide for these different 
applications. These advantages include being immune to 
electromagnetic interference, having a low attenuation level, 
increasingly cheaper to produce, high data transfer rates and 
flexibility of use for sensors. The advantages for sensors are 
that optical fibres are lightweight, small in size, chemically 
passive and contains a high degree of multiplexability. 
 
The interrogation methods that are used in optical fibre 
applications differ in many ways, from the different 
architectures being used to the different components in the 
system. One of the methods that can be used is the coherent 
optical frequency domain reflectometry (COFDR) method. 
When using the COFDR method, the required optical source 
has to be able to scan linearly through a range of wavelengths 
[1] [2] [3] [4] [5]. Since the ideal case of a perfect linear scan 
does not exist, it results in an energy spread though different 
frequencies and causes results to be less accurate, such as 
tracking the frequency of an interferometer change or using the 
magnitude of a set frequency for telecommunications. 
Therefore, energy spread recovery is vital. The COFDR 
technique will now be further discussed in detail with 
techniques to overcome the energy spread. 
 
 
II. THEORY 
Optical frequency domain reflectometry (OFDR) is a high 
resolution reflectometry tool that can be used for component 
metrology and locating faults in optical networks. This method 
is not only limited to measuring single or discrete reflections, 
but it also can be utilized to measure the distributed 
backscattered light in optical fibres and therefore also measure 
the spatial distribution of optical parameters in the fibre, e.g. 
the birefringence, differential group delay [1] and other non-
linear properties. 
 
With COFDR interrogation, which is also sometimes 
referred to as coherent frequency modulated continuous wave 
(CFMCW), a tunable laser source is needed. The ideal case of 
this tunable laser source would be that it has a very narrow line 
width and a linear sweeping of the wavelength in time, with 
the sweeping being done without any mode hops, but as no 
ideal source exists, the non-linearity effects must be 
compensated for. 
 
For the COFDR method, the signal from the source is 
divided into two parts – the reference signal, also referred to as 
the local oscillator, and the sensing signal, which is guided 
down the sensing arm where a perturbation of some nature will 
be measured. When the sensing signal travels down the sensing 
arm, the signal is reflected, either by a mirror, metallic deposit 
of a thin film, fibre Bragg gratings (FBGs), some interface that 
causes a reflection of the light, which could simply be the end 
of the fibre tip, or the fibre itself. 
 
The reference signal and sensing signal then combines at a 
coupler and coherently interferes with each other. This 
interference of the reference signal and sensing signal causes a 
beat signal to occur. This beat signal is dependent on how fast 
the tunable laser source is scanning and the path length of the 
reflections from the sensing arm and the reference arm. The 
frequency and phase characteristics in the beat signal contain 
information about the measured signal. 
 
When a fast Fourier transform (FFT) is performed on the 
signal, the beat frequencies of the combined reference and 
sensing signal appear as peaks in the frequency spectrum. Each 
reflection in the sensing arm will interfere with the local 
oscillator and will cause a specific frequency in the Fourier 
domain. 
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Figure 1 shows an ideal case using COFDR. The signal from 
the tunable laser source is connected to a coupler which is 
connected to the sensing and reference arm. The laser source 
graph in Figure 1 shows the ideal case of this linear scan. The 
sensing and reference signals are then reflected and interfere at 
the coupler and the beat spectrum graph shows the interference 
pattern of the detected signal. When a FFT is done on the beat 
signal, discrete frequencies are calculated as shown in the FFT 
graph of Figure 1. When a linear optical frequency sweep is 
applied by the tunable laser source, the beat frequencies can be 
mapped into a distance scale, therefore the sweeping rate of the 
tunable laser source is proportional to the beat frequency as 
well as the spatial resolution of the system. The reflectivity of 
each reflection site can be determined by taking the squared 
magnitude of the signal at each beat frequency [3]. 
 
 
Figure 1: Example of a COFDR system 
The best spatial resolution is obtained when the optical 
source has a perfectly linear sweep with zero line width and 
also when the data acquisition card has a very good frequency 
resolution. In fact, the best spatial resolution is determined by 
the sampling rate of the data acquisition card [2]. 
 
This ideal linear sweeping of the optical source is, however, 
not the real case and non-linear sweeps are made. These non-
linear sweeps include not sweeping at the same scanning rate 
all the time, as well as not starting or stopping at the same 
wavelength points with each scan. These fluctuations in the 
scanning causes non-uniform sampling of the optical 
frequency which makes the measurement of the signal by the 
photodetector more difficult to analyse, broadens the energy 
that should be at one frequency and the energy is spread 
throughout a range of different frequencies in the area of the 
main frequency component and therefore degrades the spatial 
resolution of the system. There are a few ways to overcome 
this: 
A. Improvement of Hardware 
The non-linearity of the tunable laser source exists because 
of the physical parameters of the source. More expensive 
equipment can be used to compensate for the fluctuations that 
occur when the signal is being swept. This is an expensive 
option to improve the nonlinearity of a tunable laser. 
B. Signal Processing 
Another method that can be implemented to improve the 
signal obtained from the system is to apply signal processing 
techniques to the signal. Various techniques can be 
implemented to provide a better signal for analysis at different 
domains of the signal. Before the FFT is applied to the beat 
signal, the signal can be smoothed by using a smoothing 
algorithm, improving results prior to making adjustments in the 
Fourier domain. After the FFT is applied (to view the 
magnitude and frequency of where these beats occur), filters 
can be applied to single out the principle frequency of the 
system and to narrow the energy spread that occurs. This 
provides a method that does not incur any further costs to 
implement an accurate system. 
C. Sampling at Frequency Points 
When the interference signal is sampled at equidistant 
instantaneous optical frequency points rather than equally 
spaced time intervals, this non-linearity challenge can also be 
avoided. 
III. DESIGN AND SIMULATION 
The linearization of the system was done for a Michelson 
interferometer architecture. 
The result of the two beam interference, Iresult, at the coupler 
of Figure 1 is described by [6] [7]: 
 
??????? ? ? ?? ? ? ?? ? ??????? ????????????????????????? 
 
where I1 and I2 are the intensities of the reflected sensing and 
reference beams and Δφ is the phase difference between these 
two beams and can be written as: 
 
?? ? ???? ?????????????????????????????????????????? 
 
where λ is the wavelength of the propagating light, nc is the 
refractive index of the core of the optical fibre and Δl is the 
physical path length difference between the two reflected 
beams. Introducing the visibility, V, into (1), the resulting 
intensity becomes: 
 
??????? ? ??? ? ??????? ? ?? ?????????????????????????? 
 
where V is defined by: 
 
? ? ? ???????? ?? ??
????????????????????????????????????????? 
 
A Michelson interferometer was simulated using Corning 
SMF28 telecommunications fibre with a tunable wavelength 
source operating with a saw-tooth tuning rate of 200 nm.s-1 
between 1505 nm and 1630 nm. A sampling rate of 10 Mhz 
was used. 
 
The following COFDR simulation procedure was followed: 
? Generating a saw-tooth signal for an ideal linear and a 
nonlinear source. 
? Using these saw-tooth signals to generate a beat signal 
in the Michelson interferometer. 
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? The simulated beat signal was determined for three cases: 
a) an ideal linear source with an adequate sampling rate 
of the beat signal, b) an ideal linear source with an 
inadequate sampling rate of the beat signal and c) a 
nonlinear (real) source with an adequate sampling rate 
of the beat signal. 
? A FFT was performed on each of the beat signals to 
illustrate their frequency characteristics. 
? Statistical and signal processing techniques were applied 
to recover the energy spread. 
 
Figure 2 shows the graph of the ideal linear (top in blue) and 
nonlinear (bottom in red) tunable sources. 
 
Figure 2: Graphs of the ideal (top in blue) and real (bottom in red) sources. 
Figure 3 is the superimposed waveform of the ideal and real 
sources. The thick line of the real source is the fluctuations in 
wavelength from the ideal with an error of 1%. 
 
 
Figure 3: Superimposed and zoomed ideal (blue) and real (red) tunable 
sources with 1% error. 
Figure 4 shows the difference between the sinusoidal 
interference signal when a) the tunable laser source has an ideal 
linear scan with a starting point at 1505 nm and the stopping 
point at 1630 nm and no error in the sweeps, b) when the 
acquisition card’s sampling rate of the interference or beat 
signal is inadequate at 3 MHz even if the source scans ideally 
linear and c) the real case with a nonlinear source and adequate 
sampling rate even if the wavelength scanning accuracy only 
contains a 0.005% error. Although the first two cases may 
appear similar, the FFT reveals that they do not have equal 
frequency characteristics. 
 
 
Figure 4: The difference between the interference patterns of a) the linear 
ideal, b) ideal linear with inadequate sampling rate and c) nonlinear with 
adequate sampling rate (real) cases 
The following equation is used to obtain the beat frequency, 
fbeat: 
 
????? ? ?
??????
??? ??????????????????????????????????? 
 
where λS is the starting wavelength of the tunable laser source, 
γf is the tuning rate of the optical source and OPDm is the 
optical path difference in the Michelson interferometer. This is 
used in the simulated system to check for accuracy as well as 
the effects of when the data acquisition card does not sample 
at a high enough rate. A higher number of samples taken in the 
time domain to be used in the FFT process, produces a more 
accurate result, because the FFT will have more samples to 
work with that outline the interference pattern more exact. An 
adequate sampling rate means that the form of the interference 
signal that is produced can be accurately recorded and 
processed. 
 
Figure 5 shows the FFT of the time domain beat signals. The 
simulations for the different cases produced the following – for 
a) the ideal case there is a large amplitude component at a 
single frequency. The single frequency is located at 25281 Hz 
with a magnitude component of 1, shown in blue. For b) when 
the source scans linearly but the sampling rate is not sufficient, 
there is a spread in the frequency seen in green and for c) when 
the nonlinear source is used, there is also a spread in frequency, 
with a peak towards the middle of the spread, seen in red. Using 
Page 46 Southern Africa Telecommunication Networks and Applications Conference (SATNAC) 2017
a nonlinear source with 0.005% wavelength scanning error 
(real case in red) produces a spread in energy as shown in 
Figure 5. 
 
Figure 5: The FFT of the beat signal for the ideal (blue), inadequate sampling 
rate (green) and real (red) cases with error of wavelength tuning of 0.005%. 
The inset is a zoom of the indicated box. 
The simulated results in Figure 5 of the inadequate sampling 
rate using an ideal linear source and adequate sampling rate 
using a real (nonlinear) source with a sweep error rate of     
0.005% show the importance of the recovery of energy. The 
ideal source with an adequate sampling rate has a magnitude 
of 1 situated at 25281 Hz. The spread of the inadequate 
sampling rate spans a frequency range from 24644 Hz to 25259 
Hz with a 615 Hz step interval and with a maximum amplitude 
of 0.0458 and the nonlinear source ranges in frequency from 
24658 Hz to 25263 Hz with a frequency step interval of 610 
Hz with a maximum amplitude of 0.0113. 
 
 
Figure 6: The FFT of the beat signal for the ideal (blue), inadequate sampling 
rate (green) and real (red) cases with an error of 1% of wavelength tuning. 
The inset is the zoomed area of frequency spread. 
Figure 6 is an example of how the energy spread changes 
when a wavelength error of 1% is used for the tunable source. 
The spread of the inadequate sampling rate has the same 
frequency range from 24644 Hz to 25259 Hz with a frequency 
step interval of 615 Hz and a maximum amplitude of 0.0458 
and the nonlinear source now ranges from 23401 Hz to 26658 
Hz with a frequency step interval of 3257 Hz and a maximum 
amplitude of 0.0113. 
IV. RESULTS 
The main area of the spread in frequencies in the simulated 
signals are first analysed. The Gaussian distribution model is 
taken and applied to the energy spread over the range of 
frequencies. The reason for the use of the Gaussian probability 
distribution function is because all the frequencies in the area 
of spread have the same amount of probability of occurrence. 
Although the model of the Gaussian distribution is used, the 
curve has to be fitted to the data, not making it a real Gaussian 
probability distribution model, since the total energy spread 
over the frequencies will not necessarily always be equal to one 
[8]. The curve is then fitted to the data by adjusting the height 
of the Gaussian distribution model by a factor that is in relation 
to the mean of the sampled data. Figure 7 shows the filtered 
data and Gaussian distribution. Although it seems that the 
mean is a bit low, there are zero elements that are not displayed, 
thus lowering the mean to the top of the shown distribution. 
 
 
Figure 7: Filtered data (blue) with adjusted Gaussian distribution (AGD - red) 
For the calculation of the energy that is contained under the 
curve, the integral is taken of the values under the curve from 
the point of –σ and σ, where σ is the standard deviation of the 
spread frequencies. The total energy is now kept constant as 
the variance of the distribution model is made smaller, to 
simulate the decrease in the frequency spread. 
 
As a result of the variance being reduced, the energy spread 
is reduced and the energy is recovered at a specific frequency. 
Figure 8 shows when the variance is adjusted to a values of 25 
x 106 smaller than the original variance. 
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Figure 8: Energy recovered from frequency spread by reducing the variance 
of the energy spread. The blue is the spread energy that was filtered and the 
red indicated the adjusted Gaussian distribution (AGD) 
 
 
Figure 9: Comparison of the ideal (blue), nonlinear (real in red) and 
recovered (black) signal 
This result shows that the magnitude that is recovered is not 
exactly equal to the ideal signal when there is no error in the 
tunable wavelength source. Figure 9 shows where the 
maximum magnitudes of the ideal (blue) and recovered (black) 
signal is marked. This is due to the some of the energy lost due 
to the limited frequency band that was considered. The 
frequency that is recovered differs from the ideal frequency 
due to the Gaussian distribution model used that centres the 
sample and to the randomness of the errors generated from the 
tunable laser source. 
 
The energy that has been recovered is now located at a single 
frequency of 25028 Hz with a magnitude component of 0.9679, 
whereas before it was located between23401 Hz and 26658 Hz 
that spanned a frequency interval of 3257 Hz with a maximum 
amplitude of 0.0113. 
 
Figure 10 shows a comparison of before and after signal 
processing was completed on the real signal. The real signal, 
before any signal processing was done, is shown at the top in 
red and the recovered signal, after signal processing was done, 
is shown at the bottom in black. The amplitude of the recovered 
signal was slightly lower than the pre-processed signal, but the 
recovered signal provides a solution to where the signal 
contains a single frequency and is in a better state of usability. 
 
 
Figure 10: Comparison between the real signal and recovered signal in the 
time domain 
From here, this signal recovery can be used for further 
analysis of the signal or system. The applications that can 
benefit from the recovery of the energy spread are numerous – 
whether it is for tracking the frequency change of an 
interferometer or using the magnitude at a specific frequency 
in telecommunications methods. 
V. CONCLUSION 
In this paper coherent optical frequency domain 
reflectometry is described as interrogation method for optical 
fibre metrology and communication. A tunable laser source is 
usually not a linear device and therefore the energy will be 
spread through different frequencies. The design and 
simulation of a Michelson interferometer was presented using 
a tunable laser source with a sweeping rate of 200 nm.s-1. The 
simulations were done for three cases – a) an ideal tunable laser 
source with no error in the sweeps and with an adequate sample 
rate of the beat signal, b) an ideal tunable laser source with no 
errors in the sweeps (linear sweep) but having an inadequate 
sampling rate of the interference (beat) signal and c) a 
nonlinear (real) source with errors in the wavelength sweeps 
with an adequate sampling rate of the beat signal. Beat signals 
for these signals were generated and FFTs were performed in 
these beat signals. The spread of energy through different 
frequencies of case b) and c) is seen in the Fourier domain. An 
adjusted Gaussian distribution was applied to the area of 
interest and the variance was reduced to show the reduction of 
the errors in the wavelength generation. Through the use of the 
energy recovery algorithm, the frequency spread was 
successfully reduced from a frequency interval of 3257 Hz to 
a single frequency and a magnitude increase from 0.0113 to 
0.9679. This application provides better efficiency for a 
metrology or communications system. 
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